Loss-of-function mutations in the sevenless (sev) gene in Drosophila result in the failure to differentiate a specific photoreceptor cell type-namely, the R7 cell. The sev gene encodes a cell-surface receptor tyrosine kinase that functions in the presumptive R7 cell to transduce developmental cues from its neighbors, instructing it to differentiate along the R7 cell pathway. We have isolated temperature-sensitive alleles of sev and used them to show that Sev activity is required for several hours during the development of each R7 cell to specify R7 cell differentiation. Our data also suggest that the presumptive R7 cell remains for -5 hr in an undetermined state in the absence of the Sev-mediated signal before committing to an alternative fate. We have determined the molecular lesions in four of the temperature-sensitive alleles. One of these mutations disrupts the Gly-Xaa-Gly-Xaa-Xaa-Gly consensus in the ATP-binding site of the kinase domain.
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The Drosophila compound eye is composed of ==800 repeating units, called ommatidia, each of which contains 8 photoreceptor cells and 12 accessory cells. Eye development occurs during late larval and early pupal development in the eye imaginal disc. Cell-cell interactions are hypothesized to mediate differentiation of the eye disc epithelium through a stereotyped series of cell recruitments (1) (2) (3) . Differentiation begins in columns of cells immediately posterior to an anteriorly moving furrow in the eye disc. A new column of ommatidia begins differentiating every =1.5 hr as the furrow moves anteriorly. Thus, at any given time point a series of developmental stages can be observed in the eye imaginal disc, with the most mature columns of ommatidial precursors at the posterior and the least mature columns at the anterior (reviewed in refs. 4 and 5) . Each ommatidium appears to develop independently of its neighbors (6, 7) .
Null mutations in the sevenless (sev) gene result in the improper differentiation of the R7 cell precursor into a nonneuronal cone cell (8) . A functional sev gene is required only in the R7 cell (9, 10) , although the Sev protein is expressed in many other cells in the developing ommatidium (11, 12) . Sev expression in the presumptive R7 cell occurs several hours prior to any overt differentiation of that cell. The DNA sequence of the sev gene (13) (14) (15) and biochemical analyses (16) indicate that sev encodes a 280-kDa protein (-2600 amino acids) with a large extracellular domain (-2100 amino acids), a transmembrane domain, and an intracellular tyrosine kinase domain. The 280-kDa protein is cleaved into two subunits of 220 and 58 kDa at a position -80 amino acids N-terminal to the transmembrane sequence in the extracellular domain, and these subunits associate with each other through noncovalent interactions (16) .
In this paper we report the isolation of temperaturesensitive (ts) mutants of sev and their use in determining the length of time for which Sev protein activity is required for R7 cell determination. We also describe the molecular lesions associated with four ts mutations.
MATERIALS AND METHODS
Genetics. Males carrying the vermillion (v) marker were treated with ethyl methanesulfonate (17) and mated to sevf', l1S/FM3 females (P44s is a recessive ts lethal). The v gene maps 0.6 centimorgan from sevf' (unpublished) on the X chromosome. The non-FM3 F1 females were screened for a sev phenotype using the reduced corneal pseudopupil assay (18) . Putative sev alleles (sev*) were recovered at 280C in F2 v males. Rare v, sevO' flies generated by recombination between the v chromosome and the sevfl, l"'s chromosome contain 14tS and thus die at 280C. Putative alleles linked to a lethal mutation on the v chromosome were recovered in males as recombinants from F2 v females or in subsequent generations from heterozygous females. F2 (or subsequent generation) sev*, v males were mated to C(J)DX, y,ffemales and sev7, l44tS/FM3 females. Homozygous stocks were made from F3 sev*, v males and sev*, v/FM3 females.
Histology. Histological analyses were done as described (19 Immunoblots. Immunoblot analysis was performed with antiserum ECD1 as described (16) .
RESULTS
Isolation of ts Alleles of sevenless. We screened 36,000 ethyl methanesulfonate-mutagenized chromosomes for noncomplementation of a sevenless null allele, sevf" (21) , in F1 females raised at 280C. The presence of the R7 cell rhabdomere was assessed in living flies using the reduced corneal pseudopupil assay (18) . Fifty-six new sev alleles were isolated. To determine if any of these new alleles were ts, stocks Tubingen, F.R.G.
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Genetics: Mullins and Rubin ofthese flies were raised at 18'C and assayed for the presence of a normal reduced corneal pseudopupil., Fourteen of the 56 alleles were phenotypically wild type at 18'C and thus displayed ts properties.
Because the reduced corneal pseudopupil represents the sum of a small number of ommatidial light projections (18) , the phenotype of hypomorphic alleles at either the permissive or the restrictive temperature may not be accurately assessed by this assay. Therefore, we analyzed sections from the eyes of the 14 putative ts mutants to determine the degree of the ts effect. At 280C, between 0% and -20% of the ommatidia had R7 cells, depending on the particular ts allele analyzed (see Table 1 ). At the permissive temperature of 18'C, between 75% and 100% of the ommatidia contained R7 cells. for the presence of a small rhabdomere in the apical retina. The small rhabdomere is characteristic of the R7 cell in the apical segment of the ommatidium. In some cases, the small rhabdomere of the R8 cell, normally located basally, can rise into the apical plane of section in ommatidia lacking the R7 cell. This can lead to a slight overestimate of the number of R7 cells (10) . In serial sections of one head each of sev.UV and sevAE2 (raised at 28TC), we found that the small rhabdomeres seen in apical sections did indeed represent R8 cells that had moved apically. ND, not determined.
With all four alleles, at least three adjacent columns of ommatidia contained wild-type ommatidia following the minimum temperature shift required for any rescue. At temperature shifts to the permissive temperature for periods during which one might expect to find one or two columns of wild-type ommatidia, no rescue was observed (for details, see legend to Fig. 1 (Fig. 1F) and 20 hr (Fig. 1G ).
Molecular Aberrations in sev , sev , sev , and sev ts Alleles. We cloned the sevC , sev , sevAE2, and sevI alleles along with the parental sev+ gene and determined the molecular aberrations in each of these four ts sev alleles by sequencing their protein-coding DNA regions (Fig. 2) .
Two of the alleles, sevV] and sevAE:2, have mutations in the tyrosine kinase domain. The sev"' allele has a mutation in the ATP-binding site; the first glycine (residue 2221, numbered as in ref. 14) in the Gly-Xaa-Gly-Xaa-Xaa-Gly consensus sequence, highly conserved in tyrosine and serine/threonine kinases (23, 24) , is mutated to an aspartic acid residue. A three-dimensional model for ATP binding to tyrosine kinases indicates that the first glycine is necessary for binding to the ribose moiety and is important in allowing a sharp turn between an N-terminal ,-strand and a C-terminal a-helix (25, 26 Fig. 2 ). We performed protein immunoblot analysis ofsevAFI eye disc extracts using a polyclonal antibody directed against the extracellular domain of Sev (27) number of sev+ and sev-ommatidia was determined from the length of an entire column in a given section, only a portion of which is shown. For a particular temperature shift some variability among individuals of a genotype is found. The range includes +/-one sev+ column and +/-one sev+/sev-column. This may reflect the different rates at which ommatidial development occurs in the anterior and posterior regions of the eye disc (22) . (A) v Stock raised at 280C. Raising these sev+ flies at 280C had very little effect on R7 cell development, as seen in this 1-,um plastic section in which all ommatidia are wild type (see also The kinase domain is located in the 58-kDa subunit that spans the membrane. Most of the extracellular domain is present in the 220-kDa subunit. It is unclear whether the 220-kDa subunit also spans the membrane (shaded region).
In contrast, in a mutant ts only for the initial folding of the protein, protein made at the permissive temperature, once properly folded, would continue to be active at the nonpermissive temperature; only the protein synthesized at the nonpermissive temperature would be inactive. Such a protein would have a. different ts period than a protein that is ts for activity and its ts period would not accurately reflect the time at which the activity is required, since it would be dependent on a number of factors such as the half-life of the protein.
In our experiments, we shifted from the nonpermissive to the permissive temperature for a given interval, followed by a return to the nonpermissive temperature. Such temperature shift experiments showed that mutants sevv] and sevAE2 required a minimum of 12 hr at 18AC to produce wild-type ommatidia. For sevCO, however, a 4-hr temperature shift was sufficient to generate wild-type tissue. We hypothesize that sevVl is ts for Sev activity protein, whereas the sevCS protein is not. Our arguments are 3-fold.
(i) Determination of the molecular aberration in sevV) suggests that it is ts for activity. This mutation changes an invariant amino acid residue known to be involved in ATP binding in other kinases. Such a mutation in the active site of the kinase domain would be predicted to affect directly the activity of the kinase.
(it) We have studied two ts sev mutants (M. A. Simon and G.M.R., unpublished) made by in vitro mutagenesis to mimic mutations causing ts kinase activity in other tyrosine kinases (28) . It is likely that these mutations also result in ts activity of the Sev protein in Drosophila. These two sev alleles have ts periods similar to that of the sev'r allele described above (data not shown), which is consistent with the sevvl gene product also being ts for activity.
(Mii) Two different ts periods were observed and are expected if one class of sevenless mutants is ts for activity and the other class is ts for synthesis. Consider a mutant protein that must be synthesized at the permissive temperature to be active, but once correctly folded remains active even after a shift to the nonpermissive temperature. Upon a shift to the permissive temperature such a ts protein will require a short lag until sufficient levels ofthe protein are produced to rescue the mutant phenotype. Following a shift back to the nonpermissive temperature, such a protein will continue to be active for a period determined by its half-life. If a protein is stable and required for a significant period of time following its synthesis, then a mutant protein ts for synthesis would require a shorter period at the permissive temperature than a protein ts for activity. The ability of the sevCS allele to rescue the sev phenotype after only 4 hr at 18'C suggests that it may encode such a protein that is ts for synthesis but not activity.
Assuming that sev"1 is indeed ts for activity of the Sev protein, then our data indicate that Sev activity is required for about 6 hr at 250C (corresponding to 12 hr at 180C) in a presumptive R7 cell to instruct its differentiation as an R7 cell. Our data do not allow us to determine ifpreexisting sevV] protein, synthesized at 280C, can recover activity upon a downshift to 18'C. Thus, it is possible that part of this 6- (27) (22) ; 1 hr at 250C corresponds roughly to 2 hr at 18TC. The times at which cells begin neural differentiation (data from ref.
3) are indicated in the diagrams of assembling ommatidia shown above the time line beginning with R8 at column 1 and adding R2/R5 at column 3, R3/R4 at column 6, R1/R6 at column 8, and R7 (darker shading) at column 12. The times at which Sev expression is first observed in R3/R4 and R7 (11) as well as the times at which the nucleus of the presumptive R7 cell begins its apical and basal migrations (3) are indicated beneath the line. Finally, the 6-hr period during which our data suggest that Sev activity is required (shaded region) and the time at which the presumptive R7 cell commits to an alternative development fate in the absence of Sev activity (topmost line) are shown. 
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Proc. NatL. Acad. Sci. USA 88 (1991) 9391 by Sev must be maintained for several hours to be effective. The requirement for several hours of persistent signal is reminiscent of the stimulus period required for a mitogenic response to peptide growth factors such as epidermal growth factor (29) ; however, other peptide growth factors such as platelet-derived growth factor require only a brief stimulus to induce competence for cell cycle progression (29) .
Our data also address the question of when cells are competent to respond to the Sev-mediated signal. For all ts sev alleles we analyzed, the minimum length of time at the permissive temperature required to generate wild-type R7 cells always resulted in a stripe of approximately three columns of wild-type ommatidia. Since a new column of ommatidia is recruited approximately every 1.5 hr at 250C, this observation suggests that in the absence of the Sev signal, cells remain competent to respond to the Sev signal to initiate R7 development for -5 hr (at 250C) before assuming a different developmental fate. We hypothesize that when Sev activity is restored by the shift to the permissive temperature, there are approximately three columns in which Sev-mediated R7 development begins simultaneously.
Previous studies that utilized hsp7-sev fusion genes have shown that transient Sev expression during larval development can rescue the sev mutant phenotype (22, 27, 30) . Although the onset of Sev expression can be controlled in such experiments, the length of time that active Sev protein is present is determined by mRNA and protein half-lives; judging from number of columns rescued, a single 1-hr heat shock produces functional levels of active Sev protein for about 12 hr at 250C (corresponding to 24 hr at 180C). This period is too long to allow the determination of the minimum period that Sev activity is required in an individual presumptive R7 cell to specify its differentiation as an R7 cell. The onset of the requirement for Sev activity has been estimated to coincide with column 9 behind the morphogenetic furrow (22) ; however, our data on the length oftime that presumptive R7 cells remain uncommitted in the absence of Sev activity imply that this estimate would need to be corrected by two columns. Taken together with this previous work (22, 27, 30) , our data suggest that commitment to the R7 pathway normally occurs through the continuous presentation of the Sev-mediated signal over =6 hr, corresponding to columns 7-10 behind the morphogenetic furrow (see Fig. 3 ). Consistent with this interpretation, Kramer et al. (31) have observed that the product of the boss gene, the putative ligand for the Sev receptor, is internalized into the presumptive R7 cell in columns 6-11. Overt differentiation of the R7 cell does not occur during this time; only after this period does neuralspecific antigen expression begin in the R7 cell (see Fig. 3 ).
